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HIGHLIGHTS 


•  2,6-Pyridinedicarboxylic  acid  is  a  useful  electron  mediator  for  glucose  oxidase. 

•  2,6-Pyridinedicarboxylic  acid  and  glucose  oxidase  were  assembled  on  gold  electrode. 

•  In  presence  of  the  mediator,  glucose  oxidation  occur  461  mV  earlier. 

•  The  non-compartmentalized  biofuel  cell  generated  a  power  output  of  25  |iW  mnr2. 
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In  this  study,  we  have  constructed  a  gold  electrode  modified  with  (3-aminopropyl)trimethoxysilane/2,6- 
pyridinedicarboxylic  acid/glucose  oxidase  (abbreviated  as,  Au/ATS/PDA/GOx)  by  sequential  chemical 
adsorption.  Au/ATS/PDA/GOx  electrode  was  characterized  by  Fourier  Transform  Infrared  Spectroscopy 
(FT-IR)  and  Electrochemical  Impedance  Spectroscopy  (EIS).  The  data  from  FT-IR  illustrated  deposition  of 
ATS,  PDA  and  GOx  on  the  surface  of  gold  electrode.  The  latter  has  been  confirmed  by  EIS  which  showed 
that  the  electron  transfer  resistance  of  the  electrode  increases  after  adsorption  of  each  supplementary 
layer.  Linear  sweep  voltammetry  (LSV)  in  phosphate  buffer  solution  containing  5  mM  glucose  displayed 
that  compared  to  Au/ATS/GOx,  oxidation  of  glucose  at  Au/ATS/PDA/GOx  electrode  starts  461  mV  earlier. 
This  gain  in  potential  is  attributed  to  presence  of  PDA  in  the  constructed  Au/ATS/PDA/GOx  electrode, 
which  plays  some  sort  of  electron  mediator  for  glucose  oxidation.  The  Au/ATS/PDA/GOx  electrode  was 
stabilized  by  an  outer  layer  of  polystyrene  sulfonate  (PSS)  and  was  connected  to  a  Pt  electrode  as  cathode 
and  the  non-compartmentalized  cell  was  studied  under  air  in  phosphate  buffer  solution  pH  7.4  con¬ 
taining  10  mM  glucose.  Under  these  conditions,  the  maximum  power  density  reaches  0.25  gW  mnr2 
(25  gW  cnr2)  for  the  deposited  GOx  layer  that  has  an  estimated  surface  coverage  of  ~70%  of  a 
monolayer. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Enzyme-based  biofuel  cells  (BFCs)  utilize  enzymes  to  catalyze 
chemical  reactions,  thus  replacing  traditional  expensive  metal 
electrocatalysts  such  as  platinum  employed  in  conventional  fuel 
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cells.  Furthermore,  by  contrast  to  fuel  cells  where  strong  or  harsh 
conditions  maybe  required  for  cell  operation,  enzyme  biofuel  cells 
generate  electricity  under  mild  conditions  through  the  oxidation  of 
renewable  energy  sources  without  greenhouse  gas  emissions  or 
environmental  pollution.  In  that  respect,  enzyme  biofuel  cells 
employ  near-room  temperature  and  neutral  pH  operation  [1], 
which  make  them  not  only  useful  for  biomass  conversion  but  also 
as  potential  alternative  power  sources  for  in  vivo  applications  for 
implantable  biomedical  devices  like  miniaturized  sensors  trans¬ 
mitters  and  artificial  organs.  To  date,  the  vast  majority  of  enzyme 
biofuel  cells  are  based  on  the  electroenzymatic  oxidation  of  glucose 
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at  the  bioanode  and  oxygen  reduction  at  the  biocathode.  However, 
assembly  of  enzymes  on  the  electrode  surfaces  usually  does  not 
achieve  significant  electron  transfer  between  the  immobilized  en¬ 
zymes  and  the  current  collector  or  the  electrode,  mostly  because  of 
the  electrical  insulation  of  the  active  sites  of  the  enzyme  by  the 
surrounding  protein  shells  [2],  To  overcome  the  problem,  electron 
mediators  are  introduced  to  shuttle  electrons  between  the  active 
sites  of  the  enzyme  and  the  electrode  surface  [3], 

Judicious  choice  of  the  electron  mediator  at  enzyme  bioanodes 
and  biocathodes  is  essential  to  maximize  BFC  power  output. 
Desirable  characteristics  for  electron  mediators  include:  rapid 
heterogeneous,  enzyme-mediator  and  self-exchange  electron 
transfer  rates,  for  delivery  of  electrons;  and  chemical  stability  in 
oxidized  and  reduced  forms,  to  ensure  stability  of  catalytic  turnover 
of  enzyme  reaction.  To  date,  a  large  number  of  electron  mediators 
have  been  investigated  for  enzyme  biofuel  cells  with  variable  de¬ 
grees  of  success  [4-14],  In  this  paper,  we  introduce  2,6- 
pyridinedicarboxylic  acid  as  a  useful  electron  mediator  for 
glucose  oxidase  modified  gold  electrode.  The  enzyme  electrode 
exhibited  reasonable  current  response  and  low  starting  potential  of 
glucose  oxidation,  promising  to  be  optimized  and  used  as  an  effi¬ 
cient  bioanode  in  glucose/02  biofuel  cells. 

2.  Experimental 

2.1.  Materials 

Ultrapure  water  milliQ  grade  with  a  resistivity  of  18.2  MQ  cm 
was  used  for  all  the  experiments.  Glucose  oxidase  (GOx)  crude  from 
Aspergillus  Niger  (211  units  mg-1)  was  purchased  from  Sigma— 
Aldrich.  Glucose  (Glu)  was  purchased  from  Acros  Organic  and  the 
glucose  solution  was  prepared  24  h  before  use.  H2O2  60%  and  H2SO4 
90%  from  Acros  Organic  or  Fisher.  (3-Aminopropyl)trimethox- 
ysilane  97%  (ATS),  2,6-pyridinedicarboxylic  acid  99%  (PDA)  and 
sodium  polystyrene  sulfonate  (PSS)  were  from  sigma.  Phosphate 
salts  (NaH2P04  and  Na2HP04)  and  sodium  chloride  analytical  grade 
were  purchased  from  Acros  Organic.  The  buffered  saline  pH  7.4, 
used  for  the  testing  of  the  GOx  electrodes,  was  prepared  from 
phosphate  salts  (0.1  M)  and  sodium  chloride  (0.15  M).  Gold  (Au) 
electrode  rode  1  mm  in  diameter  (surface  area  0.78  mm2)  is  used  as 
a  substrate  for  deposition  and  working  electrode  and  was  pur¬ 
chased  from  Goodfellow. 

2.2.  Equipment  and  procedures 

Spectrum  100  FT-IR  from  Perkin  Elmer  was  used  for  the  Fourier 
Transform  Infrared  Spectroscopy  (FT-IR)  studies.  A  potentiostat 
from  Solartron  Instruments  model  SI  1287  was  used  for  testing  the 
enzymes  electrodes  using  Linear  Sweep  Voltammetry  (LSV).  A 
three  compartment  electrochemical  cell  was  used.  The  side  arms 
contained  an  Ag/AgCl  wire  as  reference  electrode  and  a  platinum 
counter  electrode  with  surface  area  of  1  cm2.  The  distance  between 
the  gold  working  electrode  and  the  counter  electrode  is  about 
1.5  cm.  Measurements  were  made  at  room  temperature  in  5  mL 
phosphate  buffer  solution  pH  7.4.  The  gold  electrode  either  before 
or  after  modification  was  polarized  between  -0.4  V  and  +0.5  for 
each  LSV.  For  the  Electrochemical  Impedance  Spectroscopy  (EIS) 
measurements,  the  potentiostat  was  used  in  combination  with  an 
SI  1255  HF  frequency  response  analyzer.  Voltage  and  current 
measurements  of  the  BFCs  were  carried  out  with  two  multimeters 
from  Fluke  87  True  RMS.  The  BFCs  current  and  voltage  were  varied 
using  a  potentiometer  (1  MQ).  The  units  of  power  density  are 
expressed  in  pW  mm-2  because  the  final  goal  of  these  electrodes  is 
to  power  miniaturized  electronic  devices  for  in  vivo  application  of 
which  small  surface  area  electrodes  are  usually  employed. 


2.3.  Preparation  of  the  Au/ATS/PDA/GOx  electrode 

First,  the  clean  and  dried  Au  electrode  under  Nitrogen  flow  was 
treated  with  piranha  solution  (mixture  of  90%  H2SO4  +  60%  H2O2  at 
proportion  of  3:1  by  volume)  at  a  temperature  above  90  °C  for 
about  1  h.  The  electrode  was  then  abundantly  cleaned  with  ultra- 
pure  water  and  dried  under  nitrogen  flow.  This  step  allows  a  deep 
cleaning  of  the  Au  electrode  and  may  also  result  in  formation  of  thin 
layer  of  gold  oxides  on  top  of  the  gold  electrode  [15-17],  The  clean 
oxidized  and  dried  Au  electrode  was  then  treated  with  pure  ATS  by 
immersing  the  electrode  in  ATS  solution  for  at  least  15  min.  The 
electrode  was  then  removed,  rinsed  with  ultrapure  water  and  dried 
under  nitrogen  flow.  Although  at  this  stage  it  is  not  clear  what 
happened  during  this  step,  our  results  indicate  deposition  of  a  layer 
of  ATS  on  the  gold  electrode.  On  the  other  hand,  presence  of  amine 
groups  in  ATS  makes  probably  the  electrode  positively  charged 
(Fig.  1)  [18-22],  Other  scenarios  where  for  example  the  amino 
group  of  aminopropyltrimethoxysilane  are  adsorbed  on  hydroxyl- 
ated  surfaces  prior  to  silylation  are  also  possible.  Afterward,  the  Au/ 
ATS  electrode  was  then  immersed  in  1  mL  ultrapure  water  con¬ 
taining  5  mg  PDA  for  at  least  15  min.  PDA  is  chemically  adsorbed  on 
ATS  via  probably  electrostatic  interactions  (Fig.  1 ).  This  layer  was 
found  to  be  very  important  for  mediation  of  glucose  oxidation, 
perhaps  due  to  the  aromatic  ring  in  PDA.  Afterward,  the  Au/ATS/ 
PDA  was  immersed  in  GOx  solution  containing  50  mg  mL-1  ultra- 
pure  water  for  at  least  15  min.  Though  it  is  not  yet  clear  how  PDA  is 
linked  to  GOx,  our  results  demonstrate  that  both  entities  are  close 
enough  to  communicate  and  yield  better  electron  transfer.  It  is 
worth  noting  that  similar  behaviors  have  been  observed  elsewhere 
between  pyridines  or  similar  rings  and  proteins  or  enzymes  [4,22— 
26],  Finally,  the  electrode  was  rinsed  gently  with  ultrapure  water 
and  dried.  The  preparation  of  the  other  electrodes  used  for  com¬ 
parison  such  as  Au/ATS/GOx  followed  similar  process.  In  other 
words,  the  electrode  was  dipped  in  same  solutions  of  (ATS,  GOx)  for 
15  min  then  removed,  gently  cleaned  with  ultrapure  water  and 
dried. 

3.  Results  and  discussion 

3.1.  Characterization  of  Au/ATS/PDA/GOx  electrode 

Fig.  2  displays  FT-IR  spectra  of  Au  electrode  after  modification 
with  ATS  (a),  ATS/PDA  (b)  and  ATS/PDA/GOx  (c).  All  spectra  have 
been  taken  with  subtracted  backgrounds.  The  chemical  adsorption 
and  polymerization  of  the  silane  ATS  on  the  Au  electrode  is  visible 
in  the  regions  of  3521-2607  cm-1,  1594-1275  cm”1  and  1107- 
823  cm-1  (Fig.  2a).  The  bands  located  at  1102  cm”1, 1020  cm”1  and 
956  cm”1  are  assigned  to  the  SiO-H  and  Si-O-Si  groups  [18],  The 
absorption  bands  at  907  cm”1  and  837  cm”1  revealed  the  presence 
of  Si— O— H  stretching  and  OH  vibrations  on  the  surface  of  Au.  The 
two  broad  bands  at  3352  cm”1  and  1660  cm”1  can  be  ascribed  to 
the  N-H  stretching  vibration  and  NH2  bending  mode  of  free  NH2 
group,  respectively  [27,28],  In  addition,  hydrogen-bonded  silanols 
also  absorb  at  around  3200  cm”1  and  3470  cm”1  [27,29].  The 
presence  of  the  anchored  propyl  group  was  confirmed  by  C— H 
stretching  vibrations  that  appeared  at  2935  cm”1  and  2839  cm”1. 
On  the  other  hand,  as  shown  in  Fig.  2b,  chemical  adsorption  of  PDA 
on  the  Au/ATS  electrode  can  mainly  be  distinguished  in  the  region 
of  1777—1252  cm”1,  where  supplementary  enhanced  bands  appear. 
The  latter  will  be  assigned  to  presence  of  additional  carboxylic  and 
amine  groups  from  the  pyridine  ring  [30],  A  zoom  and  comparison 
between  the  FT-IR  spectra  of  ATS,  PDA  and  ATS/PDA  in  the  fre¬ 
quency  range  of  1800—1200  cm”1  is  depicted  in  Fig.  3  and  for 
comparison,  the  main  transmission  bonds  of  each  of  ATS,  PDA  and 
ATS/PDA  are  mentioned  in  caption  of  Fig.  3.  If  covalent  binding 
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Fig.  1.  Schematic  representation  of  one  of  the  plausible  scenarios  of  the  gold 
(2),  glucose  oxidase  (3)  to  form  a  self-assembled  film  Au/ATS/PDA/GOx. 


between  ATS  and  PDA  occurs,  it  may  happen  through  two  possible 
ways:  i)  binding  of  the  oxygen  of  PDA  to  the  nitrogen  of  ATS  to  form 
an  O— N  bond  or,  ii)  binding  of  the  carbon  of  PDA  to  the  nitrogen  of 
ATS  to  form  an  amide  function.  Analysis  of  the  spectrum  of  ATS/PDA 
in  the  region  of  1680-1630  cm  1  revealed  no  particular  bond  in 
that  region  to  suggest  an  amide  formation  (Fig.  3).  Similarly,  N-0 
bond  is  characterized  by  a  strong  absorption  band  in  the  region  of 
1560—1515  cm-1  and  a  double  absorption  band  in  the  frequency 
region  of  1385—1345  cm”1  [30],  The  ATS/PDA  spectra  of  Fig.  3 
shows  neither  a  strong  bond  in  the  region  of  1560-1515  cm”1  or 
a  double  band  at  1385—1315  cm”1  to  suggest  presence  of  covalent 
bonding  between  the  oxygen  of  PDA  and  nitrogen  of  ATS.  Fig.  3 
reveals  that  spectrum  of  ATS/PDA  is  simply  the  sum  of  spectra  of 
ATS  and  PDA.  This  strongly  suggests  that  interaction  between  both 
components  is  based  on  electrostatic  rather  than  covalent  binding. 
As  depicted  in  Fig.  2c,  addition  of  GOx  to  the  film  enhances 
particularly  the  bands  at  1762—1299  cm”1.  This  was  expected  since 
GOx  is  mainly  characterized  by  the  spectral  features  at  1658  cm”1 


Wavenumber/  cm-1 

Fig.  2.  FT-IR  spectra  of  Au/ATS  (a),  Au/ATS/PDA  (b)  and  Au/ATS/PDA/GOx  (c).  For  all 
spectra  a,  b  and  c,  the  background  of  the  unmodified  Au  substrate  was  subtracted. 


assigned  to  C=0  stretching  from  amide  I  and  1548  cm”1  assigned 
to  NH  deformation  in  amide  II  [31  ]. 

In  order  to  gain  a  better  understanding  of  the  chemical  assem¬ 
bly,  Au/ATS/PDA/GOx  electrode  was  further  characterized  by  EIS. 
Fig.  4  depicts  EIS  measurement  shown  as  Nyquist  plots  of  un¬ 
modified  Au  electrode,  Au/ATS  and  Au/ATS/PDA/GOx.  In  a  typical 
Nyquist  plot,  the  semicircle  part  at  higher  frequencies  correspond 
to  the  electron  transfer  limited  process  and  the  diameter  of  the 
semicircle  is  equivalent  to  the  electron  transfer  resistance  (Ret), 
which  controls  the  electron  transfer  kinetics  of  the  redox  probe  at 
the  electrode  interface  and,  the  linear  part  at  lower  frequencies 
correspond  to  the  diffusion  process  [32],  Hence,  the  complex 
impedance  data  can  be  modeled  by  Warburg  impedance  (Zw) 
schematically  displayed  in  the  inset  of  Fig.  4A.  Some  of  the 
completed  semicircles  (by  drawing)  are  highlighted  in  solid  green 
lines  in  Fig.  4B.  Fig.  4B  clearly  displays  a  gradual  increase  in  the 
semicircle  after  deposition  of  each  supplementary  layer.  This  means 
that  the  electron  transfer  resistance,  Ret,  increases  after  deposition 
of  each  supplementary  component.  The  Eq.  (1)  may  explain  the 
relationship  between  the  current  due  to  K4[Fe(CN)6]/K3[Fe(CN)6] 
that  flows  through  the  deposited  film  and  the  electron  transfer 
resistance  [33]: 

Ret  =  RT/nFi  (1) 

where  R  is  the  ideal  gas  constant,  T  is  the  absolute  temperature,  n  is 
the  number  of  transferred  electrons  per  one  molecule  of  the  redox 
probe,  F  is  faraday  constant  and  i  is  the  exchange  current.  Since  R,  T, 


1229  cirr1.  PDA:  1730,  1714,  1635,  1580,  1548,  1490,  1442,  1380,  1348,  1257,  1215, 
1203  cm”1.  ATSIPDA:  1733, 1727, 1654, 1648, 1638, 1578, 1547, 1491, 1471, 1456, 1442, 
1418, 1383, 1347, 1289, 1259, 1229, 1216, 1203  cm-1. 
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Z(re)/  Ohm  Z(r e)l  Ohm 


Fig.  4.  (A)  Nyquist  plots  (Z(im)  versus  Z(re))  of  Au  electrode,  Au/ATS,  and  Au/ATS/PDA/GOx.  Inset  of  A  represents  the  electrical  equivalent  circuit  at  interface  electrode/electrolyte 
(Randles  circuit);  R„  is  the  electrolyte  resistance;  R,.t  is  the  charge  transfer  resistance;  Zw  is  the  so-called  the  Warburg  impedance  and,  Cdl  is  the  electrochemical  double  layer  capacity. 
(B)  is  (A)  by  completing  the  semicircles  (solid  green  lines)  showing  Ret  for  Au  and  Au/ATS  electrodes.  For  Au/ATS/PDA/GOx,  Ra  is  higher  and  located  outside  the  scale  window. 
Testing  conditions:  5  mM  K4[Fe(CN)6]/K3[Fe(CN)6]  (1:1)  in  buffered  saline  pH  7.4  prepared  from  phosphates  salts  (0.1  M)and  sodium  chloride  (0.15  M),  frequency  range  between  0.1 
and  100,000  Hz,  open  circuit  potential.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


F  and  n  are  constants  for  all  the  electrodes,  an  increase  in  Ret  in¬ 
dicates  a  decrease  in  i.  This  means  that  the  insulating  properties  of 
the  electrode  increase  respectively  after  deposition  of  ATS  and  ATS / 
PDA/GOx  due  to  the  increase  in  film  thickness.  However,  it  is  worth 
noting  that  because  the  deposited  film  is  thin,  it  increases  only  by 
few  hundred  of  ohm.  These  observations  suggest  that  all  compo¬ 
nents,  ATS,  PDA  and  GOx  are  well  immobilized  on  the  Au  electrode. 

3.2.  Glucose  electrooxidation  at  Au/ATS/PDA/GOx  electrodes 

Fig.  5A  shows  the  electrochemical  response  of  unmodified  Au 
electrode  without  and  with  5  mM  glucose  and  Au/ATS/PDA/GOx 
modified  electrode  without  and  with  5  mM  glucose.  As  expected  Au 
electrode  does  not  catalyze  the  oxidation  of  glucose  because  same 
LSV  is  obtained  before  and  after  addition  of  5  mM  glucose.  On  the 
other  hand,  compared  to  the  response  of  Au/ATS/PDA/GOx  without 
presence  of  glucose,  substantial  gain  in  potential  and  increase  in 
current  is  observed  in  presence  of  glucose.  This  testifies  that  the 
immobilized  GOx  is  still  active  after  immobilization  and  efficiently 
converts  glucose. 

Fig.  5B  illustrates  a  comparison  between  the  electrochemical 
response  of  Au/ATS/GOx  and  Au/ATS/PDA/GOx  electrodes  in  pres¬ 
ence  of  5  mM  glucose.  It  can  be  observed  that  compared  to  the 
response  of  Au/ATS/GOx,  glucose  oxidation  at  Au/ATS/PDA/GOx 
starts  461  mV  earlier.  This  difference  can  only  be  attributed  to 
presence  of  PDA  in  Au/ATS/PDA/GOx  electrode,  which  facilitates  the 
oxidation  of  glucose.  The  recorded  starting  potential  of  glucose 
oxidation  with  Au/ATS/PDA/GOx  electrode  is  better  than  most  of 
reported  values  using  various  GOx-mediator  electrodes  [4—14], 
Also,  if  compared  to  Au/ATS/GOx,  the  current  due  to  glucose 
oxidation  at  Au/ATS/PDA/GOx  is  about  5-times  higher,  thus  rela¬ 
tively  substantial  keeping  in  mind  that  only  one  layer  is  deposited. 
The  shift  in  onset  potential  towards  negative  values  as  well  as  the 
significant  current  response  due  to  glucose  oxidation  suggests  that 
Au/ATS/PDA/GOx  efficiently  mediates  the  catalytic  oxidation  of 
glucose.  Although  it  is  not  yet  clear  how  PDA  is  linked  to  GOx,  these 
results  demonstrate  that  both  entities  PDA  and  FAD  (flavin  adenine 
dinucleotide)  of  GOx,  where  the  glucose  is  electrooxidized  into 
gluco-1, 5-lactone  to  generate  electrons,  are  close  enough  to 
communicate  and  yield  a  facilitated  oxidation.  Acceleration  of  rate 
of  the  electron  transfer  by  PDA  has  also  been  observed  elsewhere 
[34,35].  On  the  other  hand,  Au/ATS/PDA  without  presence  of  GOx 
shows  an  earlier  onset  potential  probably  due  to  the  oxidation  of 
PDA  because  the  LSV  obtained  without  presence  of  glucose  is  very 


close  to  the  LSV  obtained  in  presence  of  5  mM  glucose  (Fig.  5B). 
However,  in  terms  of  current,  lower  values  are  recorded  if 
compared  to  the  electrode  containing  the  GOx  enzyme.  This  tes¬ 
tifies  of  the  importance  of  both  the  enzyme  GOx  and  the  electron 
mediator  PDA  in  the  constructed  bioanode  in  the  efficient  conver¬ 
sion  of  glucose.  On  the  other  hand,  comparison  Au/ATS/PDA  in 
absence  of  glucose  seems  to  have  an  earlier  onset  potential  if 
compared  to  Au/ATS/PDA/GOx  under  the  same  condition  (Fig.  5A 
and  B).  The  later  can  be  related  to  :  i)  dissolution  of  part  of  the 
adsorbed  PDA  on  Au/ATS/PDA  during  the  adsorption  process  of  GOx 
to  form  Au/ATS/PDA/GOx  and/or,  ii)  presence  of  GOx  in  Au/ATS/ 
PDA/GOx  renders  the  oxidation  of  PDA  less  facile  due  to  the  steric 
effects  induced  by  GOx.  In  other  words,  GOx  has  a  larger  volume 
than  PDA,  thus  if  the  adsorbed  GOx  is  in  direct  contact  with  the 
electrode  surface,  it  will  restrict  or  prevent  PDA  to  be  efficiently 
oxidized. 

In  order  to  clarify  how  PDA  influences  the  oxidation  of  glucose, 
further  studies  were  performed  by  controlling  the  deposition  time 
of  PDA  in  the  film.  Fig.  5C  illustrates  the  response  to  5  mM  glucose 
of  Au/ATS/PDA/GOx  prepared  as  previously  mentioned  but  by 
changing  the  adsorption  time  of  PDA.  The  variation  of  starting 
potential  and  current  intensity  of  glucose  oxidation  versus  depo¬ 
sition  time  of  PDA  is  depicted  in  Fig.  5D.  It  will  be  noted  that  the 
more  deposition  time  of  PDA  increases,  the  more  the  starting  po¬ 
tential  of  glucose  oxidation  shifts  to  lower  potentials  and  the  cur¬ 
rent  intensity  increases.  Similar  observations  have  been  noticed 
regarding  the  shift  in  potential  of  the  oxygen  reduction  reaction 
with  o-phenylenediamine  (as  redox  mediator)  for  laccase  enzyme 
[36],  This  suggests  that  presence  of  high  amount  of  PDA  in  the  film 
boosts  the  catalysis  of  glucose  oxidation.  However,  it  is  worth 
noting  that  no  further  improvements  in  terms  of  potential  and 
current  intensity  were  recorded  for  longer  adsorption  periods, 
suggesting  saturation  of  the  adsorbed  layer  with  PDA.  The  shift  of 
the  onset  potential  of  the  enzyme  electrode  as  more  PDA  is 
adsorbed  suggests  that  the  surface  of  the  electrode  is  experiencing 
a  different  microenvironment  from  that  without  presence  of  PDA. 
The  direction  and  magnitudes  of  the  shift  in  potential  are  consistent 
with  enhanced  stabilization  of  the  PDA  species  by  electrostatic  in¬ 
teractions  [37],  Furthermore,  because  the  potential  is  shifting  to¬ 
wards  less  positive  potentials  as  the  amount  of  PDA  increases,  this 
may  suggest  that  the  interior  of  the  film  is  experiencing  an  alkaline 
microenvironment.  The  latter  is  maybe  the  result  of  binding  of  PDA 
within  the  film  to  create  an  alkaline  like  microenvironment.  Finally, 
it  is  worth  mentioning  that  once  the  electrode  is  fully  prepared, 
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Fig.  5.  (A)  Comparison  between  the  LSVs  of  unmodified  Au  in  5  mM  glucose  and  Au/ATS/PDA/GOx  without  and  with  5  mM  glucose.  The  LSV  of  unmodified  Au  without  5  mM 
glucose  is  similar  to  the  one  shown  in  (A).  (B)  Comparison  between  the  linear  sweep  voltammogram  of  Au/ATS/GOx  and  Au/ATS/PDA/GOx  modified  electrodes  in  5  mM  glucose 
showing  the  importance  of  presence  of  PDA  in  the  film.  Also  is  shown  Au/ATS/PDA  in  0  and  5  mM  glucose.  (C)  LSVs  of  Au/ATS/PDA/GOx  with  different  adsorption  times  of  PDA  tested 
in  presence  of  5  mM  glucose  to  record  the  catalytic  oxidation  of  glucose.  (D)  Relationship  between  starting  potential  and  current  intensity  of  glucose  oxidation  at  Au/ATS/PDA/GOx 
electrode  with  deposition  time  of  PDA.  Test  in  phosphate  buffer  solution  pH  7.4.  Scan  rate  20  mV  s-1. 


rinsed  and  dried  according  to  the  procedure  reported  in  Section  2.3, 
our  observations  depict  that  the  Au  modified  electrode  can  no 
longer  be  modified  in  the  electrochemical  cell.  In  other  words,  if  Au/ 
ATS/GOx  was  prepared  then  transferred  to  the  electrochemical  cell 
containing  dissolved  PDA,  the  electrochemical  response  obtained 
under  these  conditions  is  similar  to  that  of  Au/ATS/GOx  without 
presence  of  PDA.  This  suggests  that  PDA  has  absolutely  no  influence 
on  the  Au/ATS/GOx  when  dissolved  in  the  electrochemical  cell, 
meaning  that  PDA  can  not  be  adsorbed  in  the  electrochemical  cell 
to  boost  the  electron  transfer  in  Au/ATS/GOx  and  give  better  elec¬ 
trochemical  response.  Two  parameters  may  contribute  in  yielding 
such  a  result.  First,  because  the  employed  electrolyte  in  the  elec¬ 
trochemical  cell  contains  anions  and  cations,  hence  they  may  be  the 
first  species  to  be  adsorbed  on  the  electrode  and  neutralize  the 
functionalized  electrode,  hence  prevent  further  adsorption.  Second, 
polarization  of  the  electrode  (negative  then  positive  potentials) 
may  neutralize  the  functionalized  electrode  leading  to  no  further 
adsorption  on  the  modified  electrode.  In  conclusion,  the  use  of 
ultrapure  water  in  the  modification  process  of  the  electrode  plays 
an  important  role.  Because  PDA,  GOx  are  dissolved  in  ultrapure 
water,  hence  they  are  the  only  species  available  in  solution  and  thus 
the  one  that  will  be  adsorbed  on  the  electrode. 

As  shown  in  Fig.  5,  the  response  of  the  GOx  electrode  towards 
glucose  does  not  follow  the  general  path  of  enzymatic  reactions 
where  the  response  current  tends  to  a  limiting  plateau  at  higher 
potentials.  The  reason  for  this  may  have  to  do  with  the  following: 
one  hypothesis  is  that  PDA  is  responsible  for  the  early  electro¬ 
chemical  response  as  verified  in  Fig.  5B,  which  reaches  a  somewhat 
limiting  current  based  on  the  adsorption  rate  of  the  immobilized 
mediator.  At  higher  potentials,  GOx  interfaced  with  the  electrode 
(which  has  a  higher  midpoint  potential)  contribute  mostly  to 


electron  transfer.  The  gradual  rise  in  anodic  current  suggests  that 
GOx  direct  electron  transfer  is  a  process  with  a  slow  interfacial  rate 
of  electron  transfer. 

As  illustrated  in  Fig.  5,  oxidation  of  glucose  at  Au/ATS/PDA/GOx 
electrode  is  quite  interesting  in  terms  of  starting  potential  and 
current  efficiency.  However,  it  is  observed  that  when  the  enzyme 
electrode  is  cycled  for  several  times,  it  loses  performance  after  few 
cycles,  indicating  that  GOx  and  PDA  are  not  well  stabilized  in  the 
film.  In  order  to  boost  the  stability,  a  last  layer  of  polystyrene  sul¬ 
fonate  (PSS)  is  deposited  onto  the  film  by  immersing  Au/ATS/PDA/ 
GOx  electrode  in  0.5  mM  acetate  buffer  solution  (1  M 
CH3COOLi  +  CH3COOH,  pH  5-6)  containing  35  mg  PSS  for  at  least 
15  min.  The  latter  increases  the  life  time  of  the  enzyme  electrode 
because  PSS,  a  negatively  charged  polyelectrolyte  would  probably 
be  linked  electrostatically  to  the  remaining  available  positive 
charged  amine  groups  of  ATS  [20,21],  This  leads  to  better  encap¬ 
sulation  of  GOx  and  PDA  within  the  polyelectrolytes  film.  As  a 
result,  the  response  of  Au/ATS/PDA/GOx/PSS  to  glucose  is  quite 
stable  and  no  deterioration  occurs  as  shown  in  Fig.  6A.  Amper- 
ometry  also  displays  that  even  at  polarization  of  0.2  V  versus  Ag / 
AgCl  (Fig.  6A),  Au/ATS/PDA/GOx/PSS  electrode  shows  relatively  a 
significant  current  response  in  comparison  to  background  current 
before  addition  of  glucose.  Under  these  conditions,  a  sensitivity  of 
51  nA  mM-1  mm  2  is  recorded  for  the  first  injection.  This  value  is 
higher  than  many  of  the  reported  GOx  enzymes  electrodes  with 
self-assembled  layers  [23,38,39],  Afterward,  the  sensitivity  de¬ 
creases  continuously  due  either  to  02  depletion  in  the  testing  so¬ 
lution  or  to  a  slower  enzyme  kinetics  at  higher  glucose 
concentrations.  Fig.  6A  also  shows  that  Au/ATS/PDA/GOx/PSS 
electrode  responds  faster  to  glucose  with  an  average  response  time 
of  3  s.  The  latter  was  expected  since  the  deposited  film  is  very  thin 
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Fig.  6.  (A)  Typical  example  of  the  amperometric  response  to  several  additions  of  5  mM  glucose  to  Au/ATS/PDA/GOx/PSS  electrode  polarized  at  0.2  V  versus  Ag/AgCl.  Also  is  shown 
the  response  of  Au/ATS/PDA/PSS  upon  addition  of  several  5  mM  glucose  for  comparison.  (B)  Relationship  between  the  current  response  and  the  glucose  concentration  taken  from 
(A).  Test  in  phosphate  buffer  solution  pH  7.4  under  constant  hydrodynamic  stirring. 


and  porous,  thus  allows  a  fast  diffusion  of  the  glucose  molecules 
throughout  the  film  to  be  oxidized  at  the  GOx  active  sites.  By 
comparison,  Fig.  6A  shows  that  Au/ATS/PDA/PSS  has  practically  no 
response  to  several  additions  of  glucose.  The  small  change  in  cur¬ 
rent  is  due  to  the  noise  induced  by  the  injection  of  glucose  and 
convection  phenomena.  This  means  that  without  the  presence  of 
GOx  enzyme  in  the  film,  no  particular  catalysis  of  glucose  occurs. 

Fig.  6B  displays  how  the  current  response  to  glucose  varies  as  a 
function  of  the  glucose  concentration.  A  linear  relationship  can  be 
observed  in  the  range  0—10  mM.  Above  10  mM,  the  response  is  no 
longer  linear  and  saturates  at  higher  concentrations.  The  latter 
might  be  related  to  the  enzyme  kinetics  and/or  with  oxygen 
depletion  from  the  testing  buffer  solution. 

3.3.  Estimation  of  the  surface  coverage  of  Au/ATS/PDA/GOx/PSS 
electrodes  by  enzymes  molecules 

The  surface  coverage  of  Au/ATS/PDA/GOx/PSS  electrodes  by 
enzyme  molecules  can  be  estimated  from  the  electrochemical 
response  of  Au/ATS/PDA/GOx/PSS  towards  glucose  oxidation, 
assuming  that  all  the  deposited  GOx  molecules  are  active.  We  know 
that  the  specific  activity  of  the  glucose  oxidase  (GOx)  is 
211  units  mg-1.  This  implies  that  1  mg  of  GOx  converts 
211  x  1CT6  mol  of  glucose  per  minute.  We  will  assume  that  the  GOx 
that  is  attached  to  the  electrode  has  the  same  specific  activity  as  the 
GOx  that  is  freely  suspended  in  solution.  The  GOx  that  is  used 
(derived  from  A.  Niger )  has  a  molecular  weight  of  154  x  103  g  mol-1 
and  a  diffusion  coefficient  of  5.02  x  10_n  m2  s-1  at  20  °C  in  water 
[40],  Using  the  Stokes-Einstein  equation: 

D  =  kT /671:77a  (2) 

where  k  is  Boltzmann’s  constant,  T  is  the  temperature  [K],  77  is  the 
absolute  viscosity  [Pa  s]  and  a  the  hydrodynamic  radius  of  the 
diffusing  species  [m],  we  find  a  hydrodynamic  radius  of  4.27  nm  for 
a  GOx  molecule.  Assuming  that  GOx  molecules  are  roughly  spher¬ 
ical,  they  have  a  footprint  equal  to  their  projected  area  na2  once 
they  are  adsorbed  on  the  electrode.  For  every  mole  of  glucose  that  is 
converted,  2  mol  of  electrons  are  produced  following  reaction  (3), 
which  will  be  collected  by  the  Au  electrode.  From  the  Lineweaver— 
Burk  analysis,  we  learned  that  the  maximum  current  due  to  the 
absorbed  GOx  equals  0.93  pA  on  an  Au  electrode  with  a  diameter  of 
1  mm.  In  order  to  produce  a  current  of  0.93  pA,  we  need 
1.37  x  10-6  mg  enzyme,  which  corresponds  to  5.36  x  109  molecules 
of  GOx.  As  each  GOx  molecules  has  a  footprint  of  5.73  x  10-17  m2, 


this  corresponds  to  an  area  of  0.3  mm2.  Assuming  that  the  GOx 
molecules  are  randomly  close-packed  in  2D,  which  has  a  packing 
fraction  of  54%,  these  molecules  would  occupy  a  footprint  of 
0.55  mm2.  However,  as  the  current  was  measured  on  the  Au  elec¬ 
trode  with  a  diameter  of  1  mm,  the  available  surface  area  is 
0.78  mm2.  Hence,  the  maximum  current  of  0.93  pA  can  be  obtained 
by  a  monolayer  of  GOx  molecules  with  a  density  equal  to  70%  of  a 
random  close  packing. 

|3  -  D  -  Glucose™x5  -  glucono  -1,5-  lactone +2H 1  +2e  (3) 


3.4.  Evaluation  of  Au/ATS/PDA/GOx/PSS  as  a  bioanode  for  glucose/ 
02BFCs 

For  the  efficient  operation  of  an  enzyme-based  BFC,  a  number  of 
conditions  must  be  satisfied.  Among  the  important  ones  is  that 
redox  potential  of  the  bioanode  must  be  as  negative  as  possible  to 
give  the  maximum  potential  difference  between  the  bioanode  and 
biocathode.  In  this  respect,  Au/ATS/PDA/GOx/PSS  electrode  showed 
a  substantial  gain  in  potential  as  previously  shown  in  Fig.  5B.  In 
addition,  significant  current  responses  to  glucose  have  also  been 
observed  in  Figs.  5  and  6.  These  two  attributes  designate  Au/ATS / 
PDA/GOx/PSS  electrode  as  a  relevant  bioanode  for  BFCs.  The  Au/ 
ATS/PDA/GOx/PSS  bioanode  was  connected  to  a  clean  Pt  electrode 
that  is  served  as  a  cathode  for  dioxygen  reduction.  The  two  elec¬ 
trodes  were  connected  via  two  multimeters,  one  for  potential 
recording  and  the  other  for  current  recording,  and  immersed  in 
5  mL  phosphate  buffer  solution  pH  7.4  containing  10  mM  glucose. 
The  voltage  and  current  were  varied  using  a  1  MQ  potentiometer. 
Fig.  7 A  shows  the  change  in  power  density  versus  cell  voltage  and 
current  density  versus  cell  voltage  of  an  Au/ATS/PDA/GOx/PSS 
bioanode  and  a  Pt  cathode.  As  can  be  seen,  the  power  density 
delivered  by  Au/ATS/PDA/GOx/PSS  bioanode  reaches 
0.25  pW  mm-2  at  potential  of  0.76  V.  This  power  density  compares 
well  with  most  of  the  recently  reported  glucose  bioanodes  based 
thin  films  [22],  By  comparison  Au/ATS/PDA/GOx/PSS  in  absence  of 
glucose  does  deliver  some  voltage  probably  due  to  difference  in 
potential  between  Au  anode  and  Pt  cathode,  but  practically  no 
current  (Fig.  7A).  This  demonstrates  that  the  power  output  is 
mainly  delivered  by  the  catalytic  oxidation  of  glucose  that  gener¬ 
ates  electrons  which  in  turn  travel  through  the  external  circuit  to 
reach  the  cathode  and  reduce  O2.  By  comparison,  Au/ATS/PDA/PSS 
without  or  with  presence  of  10  mM  glucose  also  delivers  some 
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Fig.  7.  (A)  Typical  power  density  versus  cell  voltage  and  current  density  versus  cell  voltage  of  Au/ATS/PDA/GOx/PSS  electrode  in  phosphate  buffer  solution  pH  7.4  containing  10  mM 
glucose  against  Pt  electrode  as  a  cathode.  Also  is  shown  Au/ATS/PDA/GOx/PSS  in  absence  of  glucose  and  Au/ATS/PDA/PSS  in  presence  and  absence  of  10  mM  glucose  for  comparison. 
(B)  Cell  voltage  versus  current  density  and  power  density  versus  current  density  for  Au/ATS/PDA/GOx/PSS  bioanode  against  Pt  cathode.  (C)  Stability  of  Au/ATS/PDA/GOx/PSS 
electrode  bioanode  over  the  course  of  3  weeks  tested  with  10  mM  glucose.  (D)  Stability  of  Au/ATS/PDA/GOx/PSS  electrode  bioanode  over  the  course  of  almost  3  days  of  continuous 
operation  in  10  mM  glucose.  The  electrodes  were  stored  in  the  fridge  at  4  °C. 


voltage  due  to  the  reason  mentioned  above,  but  practically  no 
current  (Fig.  7A).  The  elevated  power  output  recorded  with  Au/ATS / 
PDA/GOx/PSS  in  presence  of  glucose  is  due:  i)  to  the  low  onset 
potential  of  glucose  oxidation  and,  ii)  to  the  relatively  elevated 
current  response  of  glucose.  In  turn,  presence  of  PDA  plays  an 
important  role  in  this  as  previously  discussed.  By  comparison,  the 
estimated  power  density  delivered  by  Au/ATS/GOx/PSS  (without 
presence  of  the  electron  mediator  PDA)  is  only  about 
0.017  pW  mm-2.  Finally,  it  is  worth  noting  that  self-assembled 
monolayers  generally  form  very  thin  films,  thus  the  delivered  po¬ 
wer  is  relatively  low  if  compared  to  other  deposition  means  like  for 
example  encapsulation  in  polymers/sol  gels.  However,  the  power 
density  delivered  by  the  present  electrodes  maybe  boosted  if 
coupled  to  other  deposition  processes.  In  other  words,  if  the  PDA 
can  be  incorporated  successfully  with  the  enzyme  in  a  thick  film, 
the  delivered  power  may  significantly  be  increased. 

3.5.  Stability 

The  other  condition  to  satisfy  for  an  efficient  operation  of  an 
enzyme-based  BFC  is  the  stability.  The  stability  of  the  prepared  Au/ 
ATS/PDA/GOx/PSS  bioanode  was  evaluated  in  phosphate  buffer 
solution  pH  7.4  containing  10  mM  glucose  for  a  period  of  3  weeks. 
The  bioanode  was  stored  in  the  fridge  at  4  °C  and  tested  at  regular 
intervals  as  shown  in  Fig.  7C.  It  will  be  noted  that  during  this  period, 
the  power  density  of  the  Au/ATS/PDA/GOx/PSS  bioanode  decreases 
only  by  19%.  This  demonstrates  that  the  immobilized  GOx  enzyme 
with  PDA  is  well  stabilized  on  the  Au  electrode.  The  presence  of  PSS 
outer  layer  plays  a  very  important  role  in  the  stabilization  process 
by  preventing  GOx  and  PDA  from  leaking  out  of  the  deposited  film. 


On  the  other  hand,  when  the  electrode  operated  continuously  for 
almost  3  days,  it  loses  about  42%  of  the  initial  power  (Fig.  7D).  The 
latter  compares  well  with  glucose  bioanodes  subject  to  continuous 
operations  reported  in  literature  [4-14],  The  decrease  in  power 
output  during  continuous  operation  may  simply  due  to  loss  in 
enzyme,  mediator  or  both  from  the  deposited  film. 

4.  Conclusions 

In  summary,  we  have  demonstrated  that  Au/ATS/PDA/GOx/PSS 
constructed  via  sequential  chemical  adsorption  is  viable  as  a  bio¬ 
anode  for  glucose/02  BFCs  for  three  reasons:  i)  Au/ATS/PDA/GOx/ 
PSS  showed  low  starting  potential  for  glucose  oxidation,  ii)  Au/ATS/ 
PDA/GOx/PSS  displayed  relatively  high  current  responses  to 
glucose  and,  iii)  the  power  output  density  of  Au/ATS/PDA/GOx/PSS 
is  relatively  substantial  for  thin  film  and  stable  over  time  due  to  the 
presence  of  PSS  outer  layer.  Such  electrodes  might  be  of  interests  as 
bioanodes  for  in  vitro  and  in  vivo  studies.  Future  work  will  focus  on 
further  characterizations  of  the  enzymes  film  to  figure  out  the 
details  of  the  physicochemical  interactions  within  the  deposited 
film.  Optimization  of  the  film  characteristics  and  stability,  then 
testing  of  the  bioanodes  in  vitro  and  in  vivo  for  eventual  use  in 
powering  miniaturized  electronic  devices  like  implanted  sensors 
transmitters  that  do  not  require  high  powers. 
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